Abstract: Data from eight CTD casts and two one-year long current time series collected at 8 and 60 m above the seafloor of a sediment drift, off the Pacific Margin of the Antarctic Peninsula are presented, with special emphasis on bottom boundary layer dynamics and processes relevant to sediment settling and resuspension. The water masses over the drift are characterized, including also a comparison with other measurements available from that region. The south-westward flow along the continental rise exhibits a strong topographic (bathymetric) control in the near-bottom current regime. A consistent mean flow deflection between an upper and lower current regime suggests that only the lower regime falls within a bottom (turbulent) Ekman layer. The bottom current regime is not energetic enough to maintain the coarse sediment fraction in suspension. The absence of evidence for a nepheloid layer justifies the assumption that most sediment was supplied to the margin during glacial periods. Two events, with peak velocities of up to 20 cm s -1 , are associated with barotropic eddies shown as negative (cyclonic) mean sea level anomalies detected by ERS/TOPEX satellite altimeters. These energetic bottom current pulses may give way to episodic sediment re-suspensions of the sortable (non-cohesive) part of the sediment, thus exerting a minor role in redistributing fine sediments through the mean flow regime.
Introduction
Results from recent coring and drilling on the continental rise of the Pacific Margin of the Antarctic Peninsula suggests that sedimentation was controlled by an interplay of down-slope flow of turbidity currents and along-slope flow of bottom currents (Pudsey & Camerlenghi 1998) . Turbidity currents are assumed to have been active during periods of extended glaciation when the ice sheet was grounded on the continental shelf at or near its edge. Terrigenous sediments were then transferred from the basal ice to the abyssal plains, as density flows. During interglacials, hemipelagic rain of biogenic and terrigenous particles draped the seafloor uniformly (Barker et al. 1999 , 2002 , Pudsey 2000 , Lucchi et al. 2002a , 2002b . The regular alternation of these types of lithological facies through glacial and interglacial periods over at least the last 10 m.y. have made the Pacific Margin of the Antarctic Peninsula a remarkable recorder of palaeoenvironmental conditions which reflect the palaeoclimate and the palaeooceanography of this sector of the Southern Ocean (Barker et al. 2002 , Lucchi et al. 2002b , Pudsey 2000 , Sagnotti et al. 2001 , Villa et al. 2003 .
In addition to the results from drilling and coring, the regional stratigraphical architecture, obtained from seismic reflection studies on the continental rise (Rebesco et al. 1996 , has led to the identification of a southwestward current transport of fine-grained particles from a nepheloid layer, fed by both turbidity currents and hemipelagic rain out. The detailed mechanisms of sediment transport and deposition (down-slope versus along-slope), are still, however, a matter of debate (see for example McGinnis & Hayes 1995 or the discussion included in Barker et al. 1999 Barker et al. , 2002 .
The south-westward component of the bottom water flow along the Pacific Margin of the Antarctic Peninsula was initially inferred by Rebesco et al. (1996) from a series of geological and stratigraphical evidence. This included a conceptual extrapolation of the narrow counter current inferred from the general Southern Ocean circulation pattern by Gordon (1966) and measured on the southern side of the Drake Passage (Nowlin & Zenk 1988) . This current comes from the outflow of a branch of modified Weddell Sea deep waters which passes through deep gateways of the south Scotia Ridge (Fig. 1) . The extension of the westward flow on the Antarctic Peninsula rise has been discussed by Whitworth et al. (1998) , Orsi et al. (1999) , Smith et al. (1999) and Hofmann et al. (1996) . Hillenbrand et al. (2003) explored the relationship between clay mineral distribution and bottom water circulation in the Bellingshausen and Amundsen seas.
In the framework of the SEDANO project (SEdiment Drifts of the ANtarctic Offshore), sponsored by the Programma Nazionale di Ricerche in Antartide (PNRA), oceanographic measurements were undertaken between circulation along the Pacific Margin of the Antarctic Peninsula. The overall objective of the project is to understand the deep-water depositional system that contributes to the growth and maintenance of the sediment drifts. The results of the first stage of oceanographic investigations provided evidence that the near-bottom flow above the drifts (8 m above sediments) is contour-following and consistent with the flow direction inferred from seismic studies.
In this paper, we present an analysis of the complete oceanographic data set collected within the SEDANO-II project. The aim is to infer the major large-scale processes that govern the bottom current regime, also related to surface forcing, to understand the bottom boundary layer dynamics, and to assess with an interdisciplinary approach the potential of the measured currents for sediment resuspension.
Materials and methods
The hydrographical data and current time series presented in this paper were collected onboard RV OGS-Explora during the 1997 summer, as part of the SEDANO-II project (Fig. 1) . The mooring was recovered, from MS Polar Duke in early 1998 as part of the ice support service to the DV JOIDES Resolution (Ocean Drilling Program Leg 178, Barker et al. 1999) .
A self-recording, self-powered, multiparametric probe (IDRONAUT model Ocean Seven 316) equipped with pressure, temperature, conductivity, oxygen, light transmitting and scattering sensors was used for nine CTD casts (Table I) . Oxygen measurements unfortunately failed after the first deployment. Cast CTD1 was located outside our study area, so we can only report the results of casts CTD2 to CTD9. The CTD probe was lowered at a velocity of 0.7-0.8 m s , to ensure recording of possible small-scale changes in sea water parameters. The sensors were calibrated prior to and after the cruise. The estimated accuracy is of ± 0.003°C for temperature and ± 0.02 psu for salinity. Pressure is used as a vertical coordinate throughout this work, whereas the temperature is given as potential temperature (θ). Salinity (S) is presented according to the practical salinity scale, and density (σ 4 = σ S,θ,4 ) is presented as potential density excess referenced to 4000 dbar instead of density excess at atmospheric pressure. This common technique is used to avoid unrealistic gravitational instabilities deriving from thermal expansion and compression of sea water raised from considerable depths to the surface. Transmitted light, measured by Chelsea Deep Sea Alphatracka MK II Transmissometer (660 nm with a 25 cm path length), is presented in Volt units. The reference value for pure water measured at -1°C is 4.2 V. The light sensor window was held in a vertical position. Light scattered, measured by a Sea Tech LSS 6000 Light Scattering sensor (880 nm light emitting diodes), was held in horizontal position, facing free water. Both sensors were calibrated before the cruise and cleaned prior to each 538 ALESSANDRA GIORGETTI et al. Fig. 1 . Bathymetry of the study area and location of eight CTD casts (squares numbered 2 to 9) and mooring position (triangles) of the SEDANO-I and SEDANO-II surveys in 1995 and 1997-98. The moorings ST01 and ST02 were deployed in 1995 . SEDANO coring sites and ODP drill sites are also shown. Contours from Rebesco et al. (1998) . Camerlenghi et al. 1997; Table II) , where good reliability and performance at high pressure and at a low temperature have been proven. Two AANDERAA RCM8 rotor current meters were positioned at 8 m and 60 m above the bottom, respectively. The mooring was designed by assuming a maximum current speed of 1 m s 
Data analysis
Current meters and CTD raw data were inspected to eliminate spikes and averaged over one-hour time interval and over one-dbar pressure interval, respectively. Vertical sections of temperature, salinity, and density were obtained using a bilinear interpolation, with quadratic smoothing, on a regular grid. The power spectral density of the current speed for the two meters was obtained using Welch's method (Welch 1967) . The FFT length used in estimating the power spectrum was 1024, the windows applied to each de-trended section was of Hanning type, with no overlapping.
Non-stationary space-timescale decomposition of daily mean current speeds were obtained through the Wavelet Power Spectrum (WPS). Details of the wavelet analysis are thoroughly discussed in Foufula-Georgiou & Kumar (1994) and Torrence & Compo (1998) . For our purposes, we recall that the local (continuous) wavelet transform (CWT) is obtained by convolving the signal f(t) with a predefined time-dependent waveform (mother wavelet) defined as:
where S W is the time dependent WPS, Ψ * is called wavelet, being a function with limited energy and a zero mean (pre-condition for its application), t is the integration variable (in our case time). Ψ * is the complex conjugate of a mother wavelet, τ is the position in time (translation parameter) and λ denotes the scale (dilation parameter). In this case, a Morlet complex wavelet is adopted with a nondimensional frequency k 0 = 6.0 in:
This wavelet is the most commonly used for continuous signals, since its complex-valued nature enables the detection of both amplitude and phase and has a simple derivation for time-frequency localization (which is not obvious with other mother wavelets). Its Gaussian envelope makes it suitable for localization in the time and frequency domain. The WPS is derived as |S w | 2 , the CWT squared modulus.
WPS was applied on daily mean current speed using the Interactive Wavelet Analysis Package (Torrence & Compo 1998) available at http://paos.colorado.edu/research/wavelets/ including also a statistical significance test based on the time average of the local wavelet power spectrum.
Results and discussion

Hydrography
The distribution of temperature and salinity in the water column above sediment drift 7 is studied by examining the θ-S diagram obtained from the SEDANO-II CTD casts (Table I) , and by comparison with the temperature and salinity measurements extracted at standard depths from the Southern Ocean Hydrographic Atlas Data Base (Olbers et al. 1992) , in the same area (Fig. 2) . The two data sets show similar θ-S distributions below the surface layer. However, we observe a prominent discrepancy in the thermohaline properties of the surface layer, possibly evidence of the seasonal signal. As a consequence, the water mass characterization is carried out using the combined data set.
The surface waters consist of Antarctic Surface Water (AASW), which is warmed and freshened by ice melting in summer (Patterson & Withworth 1990) , and of underlying (1)
Winter Water (WW), identified by a temperature minimum θ < -1°C (Nowlin & Zenk 1988) . Below the surface waters, the warm and saline water mass, that occupies most of the deep layer, is the Circumpolar Deep Water (CDW) which is also found to occupy the largest volume of water in the Southern Ocean. The thermohaline properties of the CDW are subjected to complex mixing during its eastward flow around the Antarctic continent within the Antarctic Circumpolar Current (Carmack 1990 , Sievers & Nowlin 1984 , Whitworth & Nowlin 1987 , Whitworth et al. 1998 . Evidence of CDW protrusion onto the continental shelf have been documented by Talbot (1988) , Jacobs et al. (1996) , Hofmann et al. (1996) . CDW is generally divided into the Upper CDW (UCDW), supplied primarily from the eastern South Pacific Ocean and western Indian Ocean (Orsi et al. 1995 , Callahan 1972 , and the Lower CDW (LCDW), which is derived from the high-salinity North Atlantic Deep Water. Gordon (1967) identified the CDW features by using Wüst's (1935) core method; Sievers & Nowlin (1984) did so by identifying strata of relative vertical maxima of hydrostatic stability (Reid et al. 1977) . In the θ-S space, UCDW always lies below the fresher and colder AASW (S < 34.40 psu, θ < 0.5°C), and above the much saltier LCDW (S > 34.70 psu).
The bottom water temperature never reaches values below 0°C, thus excluding the presence of the Antarctic Bottom Water in this area. The absence of cold, bottomdense water along the Antarctic Peninsula has been ascribed to the relatively warm atmospheric winds of this region, which is not generally affected by the katabatic winds (Smith et al. 1999) . A possible source of the bottom water mass in the area under investigation is the Weddell Sea Deep Water, modified by mixing during its westward path around the Antarctic Peninsula into the Pacific sector of the Southern Ocean , Sievers & Nowlin 1984 . The bottom branches, extending into the Southwest and Southeast Pacific basins, export only the 540 ALESSANDRA GIORGETTI et al. lighter variety of southern bottom water (Orsi et al. 1999) , whereas a portion of the dense Weddell Sea waters south of the Southern boundary of the ACC are known to flow westward along the deeper portion of the continental slope (Nowlin & Zenk 1988) , as far as the South Shetland Islands. From surface sediment analyses Hillenbrand et al. (2003) points to the continuation of such a bottom current from the Antarctic Peninsula rise to at least 94°W.
Vertical sections
Eight CTD casts were deployed along two transects ( Fig. 1 ) with stations 2, 3, 4, 5 oriented along-slope, and stations 6, 7, 8, 9 oriented perpendicular to the margin. The temperature field of both transects (Figs 3a & 4a) puts in evidence a seasonal summer maximum at the surface, with a deeper winter minimum at roughly 100 dbar (highlighted in the inlet). A relative temperature maximum is ascribed to the intrusion of UCDW extending across the shelf at approximately 500 dbar (Smith et al. 1999) . Further down, the temperature decreases continuously and uniformly, reaching a relative minimum in proximity of the seafloor. The horizontal variation of this general picture is small. Because of the considerable elevation of the drift, the bottom temperature at the top of the drift is higher than along the flanks (Fig. 3a) .
The salinity steadily increases with depth (Figs 3b & 4b) . Intrusions of different water masses are less evident here than in the temperature field. In the intermediate layer remnants of North Atlantic Deep Water salinity maximum, centred at 800-1200 dbar with values in excess of 34.70 psu, are associated with the core of LCDW (Sievers & Nowlin 1984) . The north-westward increase of bottomwater salinity may indicate that further oceanward clockwise flowing LCDW or Southeast Pacific Deep Water (Sievers & Nowlin 1984 , Smith et al. 1999 replaces the anti-clockwise flowing Weddell Sea Deep Water as bottom water mass (north-west corner in Fig. 4b) .
As expected, the density closely follows the salinity and temperature distribution (Figs 3c & 4c) . The dependence of density on temperature is more evident in the surface layer, where the temperature gradients are higher. There is a continuous increase of density with depth below about 500 dbar.
Current meter measurements
Results from current meters ST01 and ST02 deployed in 1995 at 8 m above the seafloor at the flanks of drift 7 were presented in Camerlenghi et al. (1997) . Mooring ST03, deployed at a 3580 m water depth on the crest of sediment drift 7, covers the period from 4 March 1997 to 20 February 1998. In mooring ST03, two current meters were located 8 and 60 m above the seafloor, respectively.
The progressive vector diagram for the two unfiltered time series is presented in Fig. 5 . Current direction of the upper current meter shows the effect of the bottom westward flow, while the lower current meter direction is influenced by the veering of the current in the bottom Ekman layer. A simple calculation shows that the Ekman depth defined as where υ is the eddy viscosity and f is the Coriolis parameter, is of the order of 10 m (Cushman-Roisin 1994, p. 63). Although there are differences in the mean flow direction, a clear coherence is found in correspondence of the two perturbations, registered at the end of May and in August, respectively. Though the typical eddy-length scale in May is smaller than in August, they have the same duration at both depths. The barotropic perturbations induced by the eddies lead to current speed maxima at 8 m above the seafloor, up to 20 cm s -1 in the raw data. These velocities, which are maintained at the seabed, could be capable of resuspending the fine grained sediment particles. The optical characteristics of the bottom water recorded by the CTD probes suggest the absence of a bottom nepheloid layer (BNL) in the area during data recording, because transmissometer data are close or equal to the values typical of pure water, in proximity of the bottom layer (Fig. 6) . Conversely, historical data collected in the 60ties and at the beginning of the 1970s in the Bellingshausen Basin (see review by Tucholke 1977) and in proximity of the Drake Passage (Sullivan et al. 1973) showed the presence of a moderately well-developed BNL. This apparent disagreement may be justified by an episodic occurrence of suspended sediment in the bottom layer, which is consistent with the inferred discontinuous feeding mechanism operated by turbidity currents . Figure 7 shows that there is no significant difference in power spectral density of the current measurements from 60 and 8 m above the seafloor. The only exception is present at a frequency below 0.05 cycles per hour (cph), where the upper current meter exhibits slightly higher power in the inertial and sub-inertial frequency. The diurnal and semidiurnal tidal components are evident as the most energetic peaks in the spectra. Being close to the main semidiurnal constituent M 2 (0.0805 cph), the inertial frequency (T f = 12.99 h, equivalent to 0.076 cph) contributes to broaden the semidiurnal peak. The contour levels show the 25th, 50th, 75th and 95th percentiles of WPS distribution. In both stations, the energy has a red shift in the global wavelet spectrum (i.e. energy is concentrated at lower frequencies) throughout the year with maxima at periods of about 64 days (Figs 8c & 9c) . Looking at the temporal evolution of the wavelet, the signal is more energetic in the period February-August (first 200-day period). Prominent anomalies of WPS are contoured with a black line and identify regions that significantly depart (significance > 10%) from the global wavelet spectrum. The strongest anomaly, present in both spectra, is centred around the end of May (at about day 80) and lasts about two months (slightly shorter in the deepest station, Fig. 9b ). The most energetic period associated to this anomaly is also about two months (shaded in red), but with a short-period intensification at the end of May. This is clearly reflected in the concomitant current speed bursts shown in Figs 8a & 9a. Shorter anomalies (but biased toward higher frequencies) are present in correspondence to the relative maxima of current speed found roughly at the end of March (day 30) and in mid-August (day 160). In the second half of the records, no statistically significant anomalies are found. Though the power spectra patterns are very similar, the deeper station exhibits less energetic dynamics which is also consistent with the slight differences of mean speed (Figs 8a & 9a) .
A visual inspection between current speeds and 10-day 542 ALESSANDRA GIORGETTI et al. Mean Sea Level Anomaly (MSLA) is shown in Fig. 10 . MSLA is obtained by averaging gridded AVISO (Archiving, Validation and Interpretation of Satellite Oceanographic) data derived from ERS-1, ERS-2 and active microwave measurements over the drift 7 area. The MSLA retains the integrated effect of the eddy field variability (mesoscale variability) on the sea level. Positive anomalies are associated with anticyclonic eddies while negative anomalies are associated with cyclonic eddies. The gaps in the MSLA data are due to the sea-ice coverage in the area. Values close to that period are difficult to interpret because of possible contamination of the signal due to ice formation and melting. A coincidence between current maximum and MSLA minimum is found in correspondence to the May negative (cyclonic) MSLA peak, as visible also on the horizontal maps (not shown). This supports the tentative interpretation of the clockwise loop in the progressive vector diagram presented in Fig. 5 as being the passage of an eddy with strong barotropic properties, which is rather common in the Southern Ocean. A connection with the endof-March maximum (anticyclonic) is less clear. Among other possibilities, this discrepancy might derive from the spatial averaging process and data coverage.
Bottom boundary layer dynamics
A joint analysis of the two current meter records was carried out to assess the dynamics of the bottom boundary layer (BBL). Figure 11a shows the current speed and Fig. 11b 
where ∆z is the depth difference defined as ∆z = z 2 -z 1 , g is the gravity acceleration, α is the (negative) linear thermal expansion coefficient, T is the temperature, ρ 0 is the reference density (assumed to be one in our case) and U the current speed. Indexes 1 and 2 identify the lower and the upper current meter measurements, respectively. The density gradient is approximated to a linear dependence of temperature difference (with homogeneous salinity vertical distributions), extracted from current meters' thermistors. The number Ri b is an estimate of the ratio between potential and kinetic energy. The transition to turbulence is assumed to take place below the Ri b = 0.25 limit. With our mooring set-up, it is impossible to evaluate Ri b directly, since the actual position of the BBL upper-end (d BBL ) is unknown. However, when the upper current meter velocity exceeds the lower current meter velocity, d BBL is confined between z 2 and z 1 . In Fig. 12 , the general form of the velocity profiles in the turbulent boundary-layer flow are schematized. As the turbulent flow speeds up (dashed line), the viscous sublayer should get thinner and both current meters are outside the Ekman layer. This constraint allows us to estimate the range of Ri b included within the two extremes:
In Fig. 11b , the Ri b range is shaded together with the in situ temperatures, which were remarkably constant. The prevailing regime of the boundary layer is turbulent. Several major episodes exhibit stable bottom water flow, always in correspondence to slow currents. A caveat has to be issued to interpret these results since the velocity difference can be below the accuracy of the instruments (≤ 2 cm s -1
) and thus the vertical shear estimate can be biased. Moreover, the position of the upper current meter is assumed to be outside the BBL, as quoted the the current meter measuring section. Nevertheless, the BBL dynamics seem to be clearly characterized by a turbulent regime.
The potential for resuspension by the bottom current is strictly connected to sediment grain size, sediment adherence, sediment settling velocity, bottom roughness, and friction velocity (u*). In our case, a classification of gravity cores collected in the SEDANO area by Lucchi et al. (2002a Lucchi et al. ( , 2002b reported that about 95% of particles are fine-grained sediments (diameter < 63 µm). The composition of the sediments is 48% clay, 48% silt and 4% sand with a typical wet bulk density of 1.35 ± 0.1 g cm -3
. According to Lucchi et al. (2002a Lucchi et al. ( , 2002b about 15% of the sediment is composed of non-cohesive particles ("sortable silt" of McCave et al. 1995) , and u* can be empirically related to deposition/resuspension as a function of grain size of particulate matter composed of biogenic calcium carbonate, organic carbon, biogenic silica, and terrigenous particles in proportions 1:3:20:76 by weight, respectively (Harland & Pudsey 1999) . The particle flux to the BBL is affected by a certain degree of lateral redistribution and is controlled primarily by sea-ice extension and productivity cycles for the biogenic component (open ocean versus sea-ice diatoms, formainifera, coccoliths, dynoflagellate cysts), whereas the terrigenous component is derived from resuspension of lithologic material from continental slope and rise sediments, from aeolian transport and directly from surface turbid plumes (Harland & Pudsey 1999 , Lucchi et al. 2002b .
As demonstrated in the Richardson number analysis, the BBL regime recorded by the two stations, can be typically turbulent and therefore pertains to the BBL outer layer (e.g. Leeder 1982 ). Our measurements are not far enough down to be directly influenced by the bottom stress, and the logarithmic velocity-defect law cannot always be applied, but only during the peak of current speeds. The presence of a veering angle between the two current meters suggests that at least the lower current meter was deployed within the bottom (turbulent) Ekman layer. The simultaneous variation of the two currents is assumed to be caused by the deepening of the ocean interior's lower limit and, as a consequence, both current meters are supposed to be outside the layer governed by the velocity-defect law 544 ALESSANDRA GIORGETTI et al. ( Fig. 12) .
The effects of a sloping sea bottom, on the behaviour of the BBL in a stratified ocean, raised a considerable amount of interest, which was determined by the asymmetric response to the along-slope direction (Trowbridge & Lentz 1991) . The potential of BBL shutdown, due to opposite buoyancy forces induced by bottom Ekman transport, can act at a time scale τ defined as:
where f is the Coriolis parameter, N is the Brunt-Väisälä frequency and α is the angle of the slope (MacCready & Rhynes 1993) . The dimensional analysis carried out according to MacCready & Rhynes (1991) shows a shutdown time scale of the order of 28 h at mid-latitudes which would also affect the short time scales of bottom circulation. On the other hand, the minimum mixed layer thickness (H min ) necessary to bring the along-slope flow to rest at the boundary is:
Assuming V = 5 cm s , H min is estimated to be about 170 m. This value of H min seems to be too high compared to available data and to previous knowledge, and therefore τ can be assumed as a lower limit time scale for BBL shutdown. These effects, although not easily recognisable in our records, could play an important role in the control and eventually in the slowdown of bottom currents, however they deserve a specific experimental design in order to gather them.
Conclusions
A characterization of the water masses above drift 7 is produced using eight CTD casts and other similar measurements available for the same area in literature. Even though the experimental evidence at our disposal for the origin of the bottom waters along the Pacific Margin of the Antarctic Peninsula is not conclusive, it seems likely that a branch of modified Weddell Sea Deep Water flows westward into the Bellingshausen Sea. The homogeneous vertical structure of the water column cannot exclude the surface forcing influence on the bottom dynamics.
The bottom current regime exhibits a strong bathymetric control in the near-bottom current meter (8 m above the seafloor), which we consider as located within the BBL. Conversely, the current meter located at 60 m above seafloor falls outside the BBL and shows a clear difference in the mean flow direction. The flow deflection can be ascribed to the veering angle induced by the bottom Ekman layer. The average bottom speeds are less than 6 cm s , the two current meters showed identical velocities, suggesting that both current meters fall out of the logarithmic region of BBL. The Richardson number analysis put in evidence a turbulent regime of the boundary layer, whereas the temporal variations of the BBL depth highlighted episodes of deepening of the bottom (turbulent) Ekman layer.
The bottom current regime is not energetic enough to maintain, in suspension, the coarse sediment fraction, and the seasonal particle flux from the surface is not continuous, as suggested by the episodic occurrence of BNL. Nevertheless, the most energetic currents may induce resuspension of the sortable (non-cohesive) part of the sediment, thus exerting a minor role in redistributing fine sediments by the mean flow regime.
